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ABSTRACT: A systematic approach t o  the enhancement o f  images has been 
developed, This approach explo i ts  two pr inc ipa l  features involved i n  
the observation o f  images: the propert ies o f  human v is ion  and the 
s t a t i s t i c s  of the images being observed. The ra t iona le  o f  the enhance- 
ment procedure i s  as fo l lows: i n  the observation of some features o f  
i n te res t  i n  an image, the range of ob ject ive luminance-chrominance values 
being displayed i s  generally l im i ted  and does not use the whole percep- 
tua l  range o f  v is ion  o f  the observer. The purpose o f  the enhancement 
technique i s  t o  expand and d i s t o r t  i n  a systematic way the grey scale 
values o f  each o f  the mul t ispect ra l  bands making up a co lor  composite, 
t o  enhance the average v i s i b i l i t y  o f  the features being observed. 
1. Introduct ion:  The visual  inspection o f  images o f  natural objects t o  
provide qua l i t a t i ve  or  quant i ta t i ve  information i s  one of the most 
comnon uses o f  ERTS 1 data. With the advent o f  the d i g i t a l  computer as 
a useful image processing too l ,  black and white images w i th  a grey scale 
and mul t ispect ra l  images, can be prec ise ly  manipulated before d isp lay to 
provide the viewer w i th  an- improved v i s i b i l i  ty o f  features o f  in terest .  
The visual  inspection o f  images to  provide quant i ta t ive information i s  
constrained by propert ies of human vis ion.  The dominant propert ies are 
an excel lent  spa t ia l  resolut ion and a comparatively poor reso lu t ion  t o  
1 i g h t  i n tens i t y  var iat ions,  For co lor  v is ion  an important property of 
the eye i s  the a b i l i t y  t o  d is t ingu ish  a large number o f  co lor  hues. 
This good resolut ion i n  the co lor  dimension i s  exploi ted i n  pseudocolor 
and fa l se  co lor  presentations i n  which the grey scale o f  images are 
mapped i n t o  co lo r  f o r  improved v i s i b i l i t y .  
I n  t h i s  paper we consider several aspects o f  the enhancement of grey 
scale images by mapping i n t o  grey scale or  co lo r  images. We are i n t e r -  
ested i n  the monotonic mapping o f  the grey scale o f  an image. By mono- 
ton ic  we mean tha t  the order of grey scale values i s  preserved i n  the 
mapping i n t o  a grey s c a m  tha t  the grey scale values map i n t o  a f i x e d  
and read i l y  i d e n t i f i a b l e  order o f  co lor  hues. 
For our defined task, elementary consideration o f  properties of human 
v is ion  lead us t o  propose new enhancement methods for "optimum" image 
v i s i b f l i  ty. Another fami ly  o f  enhancement methods i s  then discussed 
which also takes i n t o  account s t a t i s t i c a l  propert ies of the images 
themselves , 
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2. Since we are concerned w i t h  physical a t -  
tributes of 1 i g h t  and color sensations, some terminology which differ- 
entiates objective and subjective aspects is needed. For the objective 
aspects we shall use the formalism of colorimetry i n  terms o f  a defined 
"standard observer" and color-stimulus specification i n  terms o f  
tristimulus values [l]. Thus, luminance is a measure of energy while 
brightness will denote the corresponding sensation. The dominant wave- 
length i n  the spectrum yields a sensation of hue. The purity of the 
color excitation i s  related to the sensation of color saturation. What 
we hope to exploit, for the purpose of image enhancement, are some ele- 
mentary aspects of the extensively studies relationship between the ob- 
jective and subjective spaces. We shal l  assume that the techniques for  
the recording and display of images are not l i tni t ing the ranqe and reso- 
lution o f  luminances reproduced. For the color rendition we have to 
refer to  specific color primaries and we shall use the standard NTSC 
colors. 
We thus consider a pa r t  of the image enhancement problem shown i n  the 
diagram below. 
Conditions of the Study: 
L(x,y)d P(x~' i  Signal  ~~~~ color 1 Record1 ng Processing D i s pl ay Viewer . --- 
-- I L A  I I -I
I 
FIGURE 1 
If  the recording system and display introduce nonlinear effects of 
their own, these can be compensated to a substantial extent by signal 
processing, b u t  such compensation depends on the physical devices used. 
Here we shall assume t h a t  the intensity variables I and the luminance 
variables L are proportional, Referring t o  Figure 1 we can now describe 
more precisely the problem of  interest. We would like t o  process the 
signal I(x,y) i n  such a way that LR(x,y), LB(x,y), LG(x,y), or LBW(x,y) 
will allow the viewer a maximum discrimination of the luminance values 
I I I I 
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L(x,y) a t  each p o i n t ,  without substantial degradation of the spatial 
resolution. This image enhancement problem has two aspects. The f i r s t  
one i s  the choice o f  a mapping transformation of L into L which pro- 
vides the maximum number of distinguishable levels in L. The second 
aspect of the problem i s  the rational exploitation o f  the s ta t is t ics  o f  
the image, recognizing t h a t  for each application only a small range of 
intensity values i s  generally relevant. 
3. Napping Intensities into a Grey Scale: 
vision adapts to an extremely large range of luminance levels of more 
than one million t o  one,[4,5]. However, the total range of luminance 
t h a t  the visual system can discriminate simultaneously i s  rather small 
and 15 to 20 grey scale steps from black to white are claimed as typical. 
AL T h i s  discrimination corresponds roughly to constant thresholds of r , 
result which matches the commonly assumed logarithmic sensitivity of 
the eye to luminance values [4], Thus constant brightness steps will 
correspond to  luminance steps spaced exponential lv. Given a total 
t 
I t  i s  well known t h a t  human 
range of luminance from black, L , t o  white, Lw,  LR = Lw - LB 
rela t i  on 
.) the 
I .. 
i n  which 0 < I < 1 , will yield the desired mapping i n  a subjective 
linear scale fr5m black t o  white. I t  will also provide maximum visual 
discrimination i n  the quantity I .  In the viewing of a CRT display the 
available adjustment of briqhtness and contrast will take care of the 
adjustment t o  LR and LB and the signal processing has only to provide 
an exponential correspondence between I and I . These theoretical 
results can be verified experimentally as discussed later on i n  this 
pa per. 
4. Pseudocolor Mappings: For black and white imaqes (or MSS mono- 
spectral scans) i t  i s  o f  interest to  examine pseudocolor maps which 
provide a color scale w i t h  improved discrimination. 
o f  aspects in this problem which have lead us to examine mappings with 
a constant luminance and also mappings using a luminance var ia t ion  as  
well as  a variation i n  hue. Because of space limitation we shall omit 
this discussion and refer the interested reader t o  reference (11). 
t 
There are a number 
5. Experimental Determination of Differential Visibility: In the 
experimental application of imaqe enhancement, one i s  confronted w i t h  
the 1 imitations of the display devices, the photographic processes , 
etc. I t  is t h u s  desirable t o  verify experimentally the differential 
sensitivity of each grey scale mapping. We have developed a simple 
technique to perform this measurement which i s  specially suitable to 
interactive work, using a digital computer. The table of values shown 
in Figure 2 i s  displayed using whatever grey-scale mapping techniques 
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and d isp lay devices are to  be tested. 
S t r i p  
i 
I 
0 
3 
I 
16 
I 
4 
. . . . . . .  
- 
240 
I 
- 
- 
.. - 
242 
241 
. -  
FIGURE 2: Test Image 
The t e s t  table i s  designed so tha t  the distance between adjacent s t r i p s  
i s  var iable between 1 and 16; The t o t a l  range 0 - 256 corresponds to  
the commonly used 8 -b i t  inteaer display. Pkn imagc o f  the t e s t  tab le i s  
shown i n  Figure 3 .  We observe the ve r t i ca l  l i nes  o f  the t e s t  table,  
but  carefu l  examination reveals tha t  each l i n e  cannot be perceived v e r t i -  
c a l l y  across the en t i re  image. Assume tha t  the l i n e  between s t r i p s  2 
and 3 cannot be perceived f o r  values o f  s t r i p  2 between 8 and 9. That 
means tha t  16 - 8 = 8 i s  the threshold of v i s i b i l i t y  o f  the input  var i -  
able f o r  the proposed mapping i n  the range o f  input  values 8 t o  16. 
Thus by a s ing le image one can v e r i f y  the l i n e s r i t y  o f  the scale and even 
devise a compensation table i f  needed. 
FIGURE 3: Image o f  the Test Table 
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6. Mappings Based on the Statistics of Intensity Values: In our d i s -  
cussion of the mapping of intensity I i n t o  a linear perceptual space 
we have not  made any assumption about the statist ical  distribution of I .  
I t  is clear, however, t h a t  some consideration of the distribution of I 
is needed, i f  for nothing more than to scale the range o f  I so t h a t  the 
image enhanced covers the whole perceptual range available. Consider- 
ably more can be said by combining the concept o f  perceptual space w i t h  
a constant differential w i t h  some previous work on quantization and 
estimation of the authors and others [8,9,10]. Assuming t h a t  we have 
s t i l l  a limit on the increment A I  which can be perceived, we can model 
this s i t ua t ion  by assuming t h a t  the perceptual space i s  quantized, w i t h  
uniform quantization steps, or by assuming t h a t  we have some add.itive 
noise which prevents the differential perception o f  small i n p u t  incre- 
ments. Figure 4 illustrates the s i tua t ion .  
Additive 
Noise 
11 11 ' ;~  iL '  _ _ _  E~Non1inear i - i  Finite 1 ~ 
3 Processi ng rception Display Mapping Discrim. 
Linear Relation 
a )  Linearization o f  Perceptual Scale 
b )  Models o f  Finite Discrimination 
FIGURE 4 
For both models of Figure 4b a precise mathematical optimization problem 
can be solved. Consider the model o f  Figure 5. 
I ; l , d - p  g1( 1 i r p )  
Nonl i near Mapping Nonl i near Mapping 
FIGURE 5 
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We would l i k e  t o  determine the nonlinear mapping gl, ( 
such tha t  the d i s to r t i on  D i s  minimized 
) and g2 ( ) 
-+ g1( 1 *+- 
D = ECW[I - g2(p)]l (2 )  
I - g(p) i s  the e r ro r  between the input  and output variables o f  Figure 3,  
W (  ) i s  an e r ro r  weighting function, E denotes s t a t i s t i c a l  expectation 
Over the d i s t r i b u t i o n  o f  the random var iable I. 
context the opt imizat ion problem considered corresponds to  the design of 
nonlinear scalar t ransmit ters and receivers [lo]. If a uniform quantizer 
i s  subst i tuted f o r  the addi t ive noise we are then designing a non uniform 
quantizer [9]. Under the conditions o f  small addi t ive noise o r  small 
quantization steps the so lut ion t o  both problems i s  the same. 
Consider the class o f  e r ro r  weighting funct ion W(e) = l e i C  and l e t  us 
assume tha t  the range o f  the var iable g1 ( I )  i s  l im i ted .  
uat ion 2 i s  minimized by choosing 
In  a communication 
Then D o f  eq- 
--- - r 
Processing , 
Display, r 
Percept. Mappi r g 
1 c 
1 
I 
gl(I) = K1 j1 [f,(x)]=dx + K2 
-OD 
(3 )  
i n  which fI(x) i s  the probab i l i t y  density funct ion o f  I and the constant 
K1 and K2 are chosen t o  y i e l d  the desired range f o r  gl(I). 
noise g2( ) i s  then the inverse o f  gl( ). We have assumed i n  (3)  tha t  
the range o f  I i s  l im i ted  and tha t  fI( ) does not  have a long t a i l .  For 
a discussion o f  the e f fec ts  o f  the t a i l s  o f  fI( ) see [ S I .  
Let us now in te rp re t  and adapt these resu l ts  t o  image enhancement. We 
can adapt the diagram o f  Figure 5 t o  the case of  v is ion  as shown i n  
Figure 6. 
For small 
i n  
Provided by 
Cal i brated Model o f  
Scale o r  F i  n i  t e  Discrimination Learning 
FIGURE 6 
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The significant part of Figure 6 is the interpretation of the nonlinear 
operation g2( ) as occuring in the brain and provided by learning. For 
instance the display of a linear scale i n  I a t  the same time that the 
processed image is displayed allows the viewer to  calibrate his visual 
scale and compensate for i t .  The compensation is indicated by g2( ). 
What the introduction of the mapping g l (  ) has done is t o  reassign the 
intensity values I according t o  their frequency of occurrence so that 
the more frequent values are spread o u t  farther i n  a perceptual scale. 
Thus,  the mapping g1 ( ) provides a global mapping from I t o  p w i t h  a 
nonlinear perceptual scale b u t  which maximizes the total average visi- 
b i l i ty  of the image. 
Note that under the condition mentioned ear l ier  g1 ( ) does not  depend 
on the specific number of quantization steps o r  additive noise in the 
model of Figure 4c and the results are applicable t o  a l l  the mapping 
i n t o  a 1 inear perceptual space discussed before. 
A question remains open i n  the choice of constant c i n  equation 3 .  Re- 
call that the class of error weighting function is W(e) = / e lC  . Since 
I is an intensity or energy variable one would expect t h a t  c = 1 is a 
good choice. Note that the choice c = 0 has been proposed on an ad hoc 
manner [6]. 
Another result  pertinent t o  image enhancement i s  available from refer- 
ence 9. 
the vis ibi l i ty  of the image due to the nonlinear mapping g l (  ) as a 
function of the probability density function f I (  ). 
range of Fr( ) , then 
I t  i s  possible to  evaluate quantitatively the improvement i n  
If A and 6 are the 
c 1 
1 c+l 
D Wonlinear - 
1 near F = D L .  (4)  
We find F = 1 as expected i f  fI( ) is  uniform. 
7. Implementation of the Enhancement Technique: The following steps 
are followed i n  the enhancement of MSS mu1 tispectral data: 
1 .  Extraction of a geographic area of interest  from NASA CTT. 
2. Display on a color monitor of standard color composites. 
3. Generate histograms of each spectral band.for subareas of the 
4. Generate an enhancement table for each of the spectral bands 
image w i t h  features of interest. 
corresponding to  the histogram of intensity values i n  that  band. 
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5. Apply enhancement tab le t o  the spectral components and display 
o f  enhanced images. 
The procedure can be i te ra ted  i f  needed. 
8. Exam les:  We demonstrate the technique on two examples, Figure 7a 
and h r o m  MSS band 6 f o r  the East Bay region (San Francisco Bay) 
showing the c i t i e s  o f  Oakland, Berkeley and Richmond. Figure 8a and 
8b are from MSS band 6 f o r  the Bucks Lake region i n  Cal i forn ia ,  a NASA 
t e s t  s i te .  The improved v i s i b i l i t y  due t o  enhancement (7b and 8b) i s  
s t r i k i n g  f o r  water, urban areas and fo res t r y  and wildlands. 
a) Or iginal  b )  Enhanced 
FIGURE 7: East Bay (1003-18175), MSS Band 6 
a) Original  b )  Enhanced 
FIGURE 8: Bucks Lake (1002-18125) MSS Band 6 
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9. Conclusions: A powerful technique for the systematic enhancement 
of multispectral MSS data has been presented and i l lustrated - the 
technique is specially suited for interactive work since the digital  
processing takes only a few minutes once the data has been reformatted. 
Since the method provides enhanced v is ib i l i ty  of whatever is present 
i n  the area on which the enhancement algorithm is designed i t  provides 
a powerful experimental tool for the discovery of new patterns and 
relationships. 
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